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Introduction {#adb12476-sec-0001}
============

Polysubstance use is the concurrent or sequential use of two or more psychoactive drugs and is an understudied global health issue. The overall prevalence of polysubstance use has been estimated between 15 and 60 percent depending on the drugs involved (Kedia *et al.* [2007](#adb12476-bib-0016){ref-type="ref"}; EMCDDA [2009](#adb12476-bib-0006){ref-type="ref"}). Alcohol is by far the most common substance that is co‐administered with illicit drugs (Kedia *et al.* [2007](#adb12476-bib-0016){ref-type="ref"}). Hospitals attribute an increasing number of admissions and deaths to polysubstance use with more than 75 percent of emergency room visits relating to alcohol combined with another substance (Coffin *et al.* [2003](#adb12476-bib-0004){ref-type="ref"}; SAMHSA [2014a](#adb12476-bib-0030){ref-type="ref"}). The prevalence of polysubstance use, especially when alcohol is one of those substances, is therefore high, yet there is little research investigating the combined effects of abused drugs.

Alcohol is frequently co‐used with psychostimulant drugs such as methamphetamine (MA) and cocaine (SAMHSA [2014b](#adb12476-bib-0031){ref-type="ref"}). An extensive body of research suggests that the co‐administration of alcohol and cocaine produces an active metabolite, cocaethylene that contributes to enhanced and prolonged subjective effects (McCance *et al.* [1995](#adb12476-bib-0021){ref-type="ref"}; Ikegami *et al.* [2002](#adb12476-bib-0014){ref-type="ref"}). Fewer studies have examined the effects of combined use of MA and alcohol, although these studies largely report a synergistic effect of combined MA and alcohol use. For example, heavy alcohol drinkers are more likely to report MA use than non‐drinkers, while primary MA users consistently use moderate levels of alcohol, and heavy MA use was associated with heavy alcohol use (Martin *et al.* [2006](#adb12476-bib-0020){ref-type="ref"}; O\'Grady *et al.* [2008](#adb12476-bib-0026){ref-type="ref"}; Brecht *et al.* [2008](#adb12476-bib-0001){ref-type="ref"}). A recent report demonstrates that alcohol drinking predicts same day MA use further suggesting an interactive effect of the two drugs (Bujarski *et al.* [2014](#adb12476-bib-0002){ref-type="ref"}). The combined use of MA and alcohol results in enhanced euphoria and increased heart rate compared with either drug taken alone (Mendelson *et al.* [1995](#adb12476-bib-0024){ref-type="ref"}; Kirkpatrick *et al.* [2012](#adb12476-bib-0017){ref-type="ref"}), implying that the combined use of MA and alcohol produces synergistic drug effects. Despite data demonstrating the prevalence and significance of MA and alcohol co‐use, there are nearly no validated pre‐clinical models for studying polydrug use. The studies presented here sought to establish a pre‐clinical rat model aimed at examining patterns of co‐use of MA and alcohol using a drug self‐administration model and two‐bottle choice procedure, respectively.

Given the previous research showing synergistic effects of alcohol consumption on other psychostimulant drugs and epidemiological evidence of MA and alcohol co‐use, we hypothesized that the combined use of MA and alcohol would have synergistic effects on drug consumption with higher rates of intake when both substances are available. The present studies use the alcohol‐preferring P rats that have been selectively bred to consume alcohol to determine the combined effects of MA self‐administration and alcohol consumption. Our results suggest that MA self‐administration markedly decreases alcohol consumption but does not alter the subjective effects or metabolism of alcohol.

Materials and Methods {#adb12476-sec-0002}
=====================

Animals {#adb12476-sec-0003}
-------

Male, selectively bred alcohol‐preferring P rats were bred at the Indiana University School of Medicine Animal Research Center (Indianapolis, IN, USA) and provided as part of the R24 Alcohol Research Resource Award grant (R24 AA015512) provided by NIAAA. Animals were shipped to the University of Colorado Boulder at approximately 30 days of age and underwent routine quarantine procedures for at least 2 weeks upon arrival at the University of Colorado Boulder. Prior to experimental procedures, rats were single‐housed for at least 1 week and procedures began when animals reached 300--325 g. All experimental procedures were conducted during the light period of a 12‐hour light/dark cycle and were completed in accordance with the guidelines established by the National Institutes of Health and approved by the Institutional Animal Care and Use Committee at the University of Colorado Boulder.

Drugs {#adb12476-sec-0004}
-----

Methamphetamine hydrochloride was obtained from Sigma‐Aldrich (St. Louis, MO, USA). Alcohol (190 proof) from Decon Laboratories (King of Prussia, PA, USA) was diluted to 10--20 percent v/v with tap water for consumption.

Two‐bottle choice free alcohol consumption procedures {#adb12476-sec-0005}
-----------------------------------------------------

Animals had free choice between two bottles equipped with ball‐bearing sipper tubes in their home cage. One bottle contained tap water and the other contains Alcohol (10 or 20 percent, v/v). Some experiments included control animals that were given two water bottles. Bottles were available 5 days/week (Monday--Friday) with fresh solutions prepared at least once a week. Consumption from the bottles was measured daily in order to calculate percent preference of alcohol, grams of alcohol consumed and total fluid consumption. The duration of the two‐bottle procedure varied with each experiment and is detailed in the subsequent experimental protocols.

Methamphetamine self‐administration and extinction procedures {#adb12476-sec-0006}
-------------------------------------------------------------

Self‐administration and extinction testing was performed in operant conditioning chambers (Med‐Associates, St. Albans, VT, USA) equipped with two response levers and an infusion pump. Rats were surgically implanted with an indwelling intra‐jugular catheter according to published procedures (Kavanagh *et al.* [2015](#adb12476-bib-0015){ref-type="ref"}). Rats recovered for at least 48 hours before self‐administration procedures began. Catheters were flushed daily with 0.1‐ml heparinized saline (20 U/ml heparin and 0.26 mg/ml gentamicin) to maintain catheter patency throughout the experiment. During self‐administration sessions, rats were allowed to self‐administer intravenous MA (0.1 mg/kg/100 µl infusion) or saline (100‐µl infusion) for 2 hours/day. MA/saline injections were delivered over a 5‐second period concurrent with illumination of a light cue placed directly over the drug‐paired lever. Each infusion was followed by a 15‐second timeout period during which the house light remained off and lever presses had no consequence. Responses on the inactive lever never had programmed consequences. The number of sessions and the schedule of reinforcement varied with each experiment and are detailed in each experimental protocol. In some experiments, animals underwent a brief (24 hour) withdrawal in the home cage followed by three daily 2‐hour extinction sessions. During each extinction session, lever responding was recorded, but the lever previously paired with MA resulted in no drug or cue delivery.

Experiment 1: effect of 10 percent alcohol consumption on methamphetamine self‐administration {#adb12476-sec-0007}
---------------------------------------------------------------------------------------------

Experimental animals (10 percent alcohol) and controls (water) were exposed to the two‐bottle procedure throughout the course of the experiment. After 1 week of free choice consumption, rats were implanted with indwelling intra‐jugular catheters and trained to self‐administer MA (0.1 mg/kg/100 µl infusion) for 2 hours/day (Monday--Friday) while maintaining the two‐bottle procedure in the home cage. In order to assess the effects of alcohol consumption on acquisition and motivation to seek MA, rats were assessed on various reinforcement schedules. MA self‐administration was initiated on a Fixed Ratio 1 (FR1) schedule of reinforcement for 6 days, followed by 5 days on an FR5 schedule. Rats were then tested for 3 days on a progressive ratio schedule with the progression for response/injection ratios determined according to \[5e^(injection\ number\ x\ 0.2)^\]−5 (e.g. 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40 and 50). To measure the effect of alcohol consumption on extinction, a subset of animals that self‐administered MA on a FR1 and FR5 schedule went through a 24‐hour forced withdrawal in the home cage followed by daily 2‐hour extinction sessions for 3 days.

Experiment 2: effect of methamphetamine self‐administration on 10 and 20 percent alcohol consumption {#adb12476-sec-0008}
----------------------------------------------------------------------------------------------------

The effect of MA self‐administration on alcohol intake and preference were evaluated using the two‐bottle procedure (10 or 20 percent alcohol) across three phases: (1) pre‐MA baseline, (2) MA co‐use and (3) post‐MA. After 1 week of free choice consumption, rats were implanted with indwelling intra‐jugular catheters and trained to self‐administer MA (0.1 mg/kg/100 µl infusion) or saline (control) for 2 hours/day (Monday--Friday) for 11 days on an FR1 schedule of reinforcement. An FR1 schedule was used to produce stable MA intake, while the effects of MA self‐administration were assessed on alcohol intake/preference. Following 24 hours of withdrawal from MA self‐administration in the home cage, animals underwent three daily 2‐hour extinction sessions. During both the self‐administration and extinction procedures, animals were maintained on the two‐bottle procedure in the home cage.

Experiment 3: effect of methamphetamine self‐administration on 20 percent alcohol consumption after prolonged alcohol consumption {#adb12476-sec-0009}
---------------------------------------------------------------------------------------------------------------------------------

Similar to Experiment 2, a three‐phase procedure was used to evaluated the effects of MA self‐administration on alcohol intake/preference in the two‐bottle procedure (5 days/week). However, Experiment 3 was aimed at evaluating whether more established alcohol drinking would still be susceptible to the effects of MA self‐administration. Thus, the pre‐MA alcohol consumption baseline period was prolonged to 24 days. During the pre‐MA baseline, alcohol drinking was facilitated with access to 10 percent alcohol for the initial 3 days prior to access to 20 percent alcohol for 21 days. After 24 days of the two‐bottle procedure, rats were implanted with indwelling intra‐jugular catheters and trained to self‐administer MA (0.1 mg/kg/100 µl infusion) or saline (control) for 2 hours/day (Monday--Friday) for 11 days on an FR1 schedule of reinforcement. Following 24 hour of withdrawal from MA self‐administration in the home cage, animals underwent three daily 2‐hour extinction sessions. During both the self‐administration and extinction procedures, animals were maintained on the two‐bottle 20 percent alcohol procedure in the home cage.

Experiment 4: effects of prior and concurrent methamphetamine self‐administration on initiation of alcohol consumption {#adb12476-sec-0010}
----------------------------------------------------------------------------------------------------------------------

Experiment 4 evaluated whether MA self‐administration would influence the initiation of alcohol consumption and subsequent effects on concurrent use. Thus, the two‐bottle procedure was implemented after the acquisition of MA self‐administration. Alcohol‐naïve animals were implanted with chronic intra‐jugular catheters and trained to self‐administer MA (0.1 mg/kg/100 µl infusion) or saline for 7 days. Following the seventh MA or saline self‐administration session, animals began the two‐bottle procedure with 10 percent alcohol. Animals continued daily MA/saline self‐administration sessions combined with the two‐bottle procedure in the home cage for 8 days. The two‐bottle procedure continued for an additional 3 days during which extinction training sessions were substituted for MA/saline self‐administration sessions.

Experiment 5: effects of prior methamphetamine self‐administration on subsequent initiation of alcohol consumption {#adb12476-sec-0011}
------------------------------------------------------------------------------------------------------------------

Experiment 5 sought to identify whether MA self‐administration would impact alcohol intake/preference if it was not concurrent with the two‐bottle procedure. In this experiment, MA self‐administration was initiated and ceased prior to the implementation of the two‐bottle procedure. Alcohol‐naïve animals were trained to self‐administer MA (0.1 mg/kg/100 µl infusion) or saline for 10 days (Monday--Friday). Two days later, animals were exposed to the two‐bottle procedure (10 percent alcohol) for 13 days. Importantly, MA self‐administration and two‐bottle alcohol consumption were completely dissociated, and there was no overlap between MA and alcohol procedures.

Experiment 6: effects of methamphetamine self‐administration on blood alcohol levels {#adb12476-sec-0012}
------------------------------------------------------------------------------------

Blood alcohol analysis was conducted on one cohort of animals (*n* = 12) from Experiment 2. Blood was collected via a tail vein nick on day 14 of the alcohol drinking procedure (following 10 days of MA/saline self‐administration). Blood was collected 30 minutes following the administration of 1.0 g/kg alcohol via oral gavage. Blood plasma was isolated, and blood alcohol concentrations were measured using the Analox AM1 alcohol analyzer (Analox Instruments, UK).

Experiment 7: effects of methamphetamine self‐administration on alcohol‐induced loss of righting reflex {#adb12476-sec-0013}
-------------------------------------------------------------------------------------------------------

Experimental procedures were similar to those in Experiment 2 with all animals exposed to the two‐bottle procedure with 10 percent alcohol followed by 14 daily (Monday--Friday) 2‐hour self‐administration sessions (MA or saline). One hour following the final self‐administration session, all animals received an injection of alcohol (3.0 g/kg i.p.). Following the alcohol injection, animals were placed on their backs. The latency to lose and regain their righting reflex was recorded to indicate their sensitivity to alcohol. An animal that could right himself three times in 60 seconds was considered to have regained the righting reflex. Two animals from the saline self‐administration group failed to lose their righting reflex and were excluded from the final analysis. The dose and timing of alcohol injections and the criteria for regaining the righting reflex were based on previous studies (Ornelas *et al.* [2015](#adb12476-bib-0027){ref-type="ref"}).

Experiment 8: effects of methamphetamine self‐administration on sucrose consumption {#adb12476-sec-0014}
-----------------------------------------------------------------------------------

In this experiment, animals were given a free choice between water and 0.1 percent sucrose to evaluate whether MA self‐administration altered the consumption and/or preference of a non‐alcoholic highly palatable sucrose solution. Animals were subjected to the two‐bottle procedure 5 days/week (Monday--Friday) for 13 days. After an initial 3 days of free choice access, animals were surgically implanted with intra‐jugular catheters and trained to self‐administer MA (0.1 mg/kg/100 µl infusion) or saline (control) for 2 hours/day (Monday--Friday). Animals continued daily self‐administration sessions combined with the two‐bottle procedure for 10 days.

Data analysis {#adb12476-sec-0015}
-------------

The effect of alcohol consumption on MA self‐administration was analyzed using MA infusions and lever responses as the dependent variables in separate two‐way mixed design ANOVA with session (within) and alcohol consumption (between) as factors. Consumption (g/kg/day) and preference (percent) were analyzed in separate two‐way mixed design ANOVAs with phase/day (within) and MA group (between) as factors. Preliminary analysis of the data using Mauchly\'s test indicated that the assumption of sphericity had been violated in many of the data sets. Greenhouse‐Geisser estimates of sphericity were therefore used to correct the degrees of freedom indicating sphericity. Significant interactions were followed with simple main effects analyses (one‐way ANOVA) and *post hoc* tests (Bonferonni\'s multiple comparisons). A between subjects *t*‐test was used to analyze the effects of MA self‐administration on blood alcohol concentrations (mg/dl) and time (minutes) to lose/regain righting reflex. Statistical significance was set at *p* \< 0.05 for all tests.

Results {#adb12476-sec-0016}
=======

Alcohol consumption increases methamphetamine self‐administration during acquisition but fails to alter the motivation to seek methamphetamine {#adb12476-sec-0017}
----------------------------------------------------------------------------------------------------------------------------------------------

Experiment 1 tested the effect of alcohol consumption on the acquisition and motivation to seek MA using an operant MA self‐administration procedure (Fig. [1](#adb12476-fig-0001){ref-type="fig"}). Analysis of MA intake during the first 6 days of FR1 schedule of reinforcement revealed a significant main effect of days (*F* ~3.26,225~ = 2.97, *p* \< 0.05) and a main effect of consumption group (*F* ~1,45~ = 4.52, *p* \< 0.05). However, there was no significant interaction between days and consumption group during the FR1 phase (*F* ~5,225~ = 1.39, *p* = 0.23). During the FR5 and progressive ratio (PR) phases, there were no significant main effects of MA intake across days, consumption group and no significant interactions (Fig. [1](#adb12476-fig-0001){ref-type="fig"}b). Analysis of lever responding during the FR1, FR5 and PR schedules also revealed no effect of days, consumption group or interaction (Fig. [1](#adb12476-fig-0001){ref-type="fig"}c and d). There was a significant main effect of extinction responding across days (*F* ~2,50~ = 14.81, *p* \< 0.05) but no main effect of consumption (*F* ~2,50~ = 2.34, *p* = 0.13) and no significant interaction (*F* ~2,50~ = 0.99, *p* = 0.38).

![Alcohol consumption enhances methamphetamine (MA) self‐administration on a fixed ratio 1 (FR1) schedule of reinforcement. (a) Timeline illustrating the schedule of combining the 24‐hour two‐bottle choice procedure, daily 2‐hour self‐administration sessions and extinction sessions. (b) Average number of MA infusions (± SEM; 0.1 mg/kg/100 µl infusion) for each session of self‐administration under a FR1 and fixed ratio 5 (FR5) schedule of reinforcement. Alcohol consuming animals (*n* = 31) had significantly greater number of infusions during a FR1 schedule of reinforcement compared with water consuming animals (*n* = 16). However, this effect was not evident when MA self‐administration was conducted with an FR5 schedule of reinforcement. (c) Average number of drug‐paired and inactive lever responses (± SEM) for each session of self‐administration under a FR1 and FR5 schedule of reinforcement. Active, drug‐paired lever responses were greater than inactive lever responses, but no group effects were observed between the water and alcohol consumption groups. (d) Average number of MA infusions and total drug‐paired lever responses on the progressive ratio (PR) schedule of reinforcement. No significant group effects were observed over the three sessions of PR schedule testing. (e) There were no differences in the average number of active and inactive lever presses during extinction between alcohol and water consuming animals. \*Significant from water‐drinking control (*p* \< 0.05)](ADB-23-90-g001){#adb12476-fig-0001}

We also compared alcohol intake and preference in the two‐bottle procedure using an ABA design to assess changes in average alcohol intake and preference across the three experimental phases (pre‐MA baseline, MA co‐use and post‐MA extinction). Alcohol intake and preferences during these three phases is depicted in Fig. [2](#adb12476-fig-0002){ref-type="fig"}. A within‐subject ANOVA detected a significant decrease in average alcohol intake and preference during the MA co‐use phase that returned to baseline during the post‐MA extinction phase (*F* ~2,26~ = 11.41, *p* \< 0.001 and *F* ~2,26~ = 9.72, *p* \< 0.001, respectively). Total consumption, on the other hand, remained consistent throughout the experimental procedure (Fig. [2](#adb12476-fig-0002){ref-type="fig"}c and Table [1](#adb12476-tbl-0001){ref-type="table-wrap"}).

![Concurrent methamphetamine (MA) self‐administration decreases alcohol preference and consumption but not total consumption. (a) Average daily alcohol preference during pre‐MA baseline, MA co‐use and post‐MA extinction phases are shown for the 10 percent ethanol group in Experiment 1. Average preference during the MA co‐use phase (40.8 ± 2.2 percent; indicated by rose shading) was significantly reduced compared with both pre‐MA baseline (60.5 ± 3.7 percent) and post‐MA extinction (70.1 ± 5.3 percent). (b) Average daily alcohol intake during pre‐MA baseline, MA co‐use and post‐MA extinction phases are shown for the 10 percent ethanol group in Experiment 1. Average intake during the MA co‐use phase (2.36 ± 0.1 g/kg/day; indicated by rose shading) was significantly reduced compared with both pre‐MA baseline (3.94 ± 0.3 g/kg/day) and post‐MA extinction (4.00 ± 0.3 g/kg/day). (c) Total fluid consumption during the three phases was not altered. \* Significant from pre‐MA baseline and post‐MA extinction (*p* \< 0.001)](ADB-23-90-g002){#adb12476-fig-0002}

###### 

Statistical tests of total fluid consumption revealed no effect of methamphetamine self‐administration.

            Days                                                                          Self‐administration Group       Days × Self‐administration
  --------- ----------------------------------------------------------------------------- ------------------------------- ---------------------------------
  Exp. 1    *F* ~2.38,150~ = 2.01, *p* \< 0.05[\*](#adb12476-note-1001){ref-type="fn"}    *F* ~1,10~ = 0.40, *p* = 0.54   *F* ~15,150~ = 1.61, *p* = 0.08
  Exp. 2a   *F* ~16,176~ = 1.56, *p* = 0.08                                               *F* ~1,11~ = 4.13, *p* = 0.07   *F* ~16,176~ = 0.78, *p* = 0.71
  Exp. 2b   *F* ~5.47,240~ = 4.12, *p* \< 0.05[\*](#adb12476-note-1001){ref-type="fn"}    *F* ~1,15~ = 0.20, *p* = 0.66   *F* ~16,240~ = 1.06, *p* = 0.39
  Exp. 3    *F* ~4.63,660~ = 8.35, *p* \< 0.05[\*](#adb12476-note-1001){ref-type="fn"}    *F* ~1,20~ = 0.06, *p* = 0.80   *F* ~33,660~ = 8.35, *p* = 0.88
  Exp. 4    *F* ~5.25,187~ = 2.59, *p* \< 0.05[\*](#adb12476-note-1001){ref-type="fn"}    *F* ~1,17~ = 1.62, *p* = 0.22   *F* ~11,187~ = 0.77, *p* = 0.66
  Exp. 5    *F* ~1.55,090~ = 2.13, *p* \< 0.05[\*](#adb12476-note-1001){ref-type="fn"}    *F* ~1,19~ = 3.29, *p* = 0.09   *F* ~11,209~ = 0.89, *p* = 0.55
  Exp. 8    *F* ~3.35,144~ = 12.00, *p* \< 0.05[\*](#adb12476-note-1001){ref-type="fn"}   *F* ~1,16~ = 0.57, *p* = 0.46   *F* ~9,144~ = 0.66, *p* = 0.75

Significant change in total consumption across days in both self‐administration groups.

Methamphetamine self‐administration decreases consumption and preference for 10 and 20 percent alcohol {#adb12476-sec-0018}
------------------------------------------------------------------------------------------------------

Experiment 2 examined the effect of MA self‐administration on alcohol consumption in the home cage. There were significant main effects of alcohol intake across days (10 percent: *F* ~5.44,320~ = 3.99, *p* \< 0.05; 20 percent: *F* ~5.20,224~ = 5.91, *p* \< 0.05) and preference across days (10 percent: *F* ~5.06,400~ = 5.81, *p* \< 0.05; 20 percent: *F* ~4.76,240~ = 5.61, *p* \< 0.05). There was a main effect of self‐administration on alcohol intake (10 percent: *F* ~1,20~ = 13.53, *p* \< 0.05; 20 percent: *F* ~1,14~ = 7.21, *p* \< 0.05) but no overall main effect of self‐administration on alcohol preference (10 percent: *F* ~1,25~ = 1.98, *p* = 0.17; 20 percent: *F* ~1,15~ = 4.94, *p* = 0.063). There were also significant interactions between days and self‐administration (Intake: 10 percent: *F* ~5.44,320~ = 2.87, *p* \< 0.05; 20 percent: *F* ~5.20,224~ = 4.94, *p* \< 0.05; Preference: 10 percent: *F* ~5.06,400~ = 4.39, *p* \< 0.05; 20 percent: *F* ~4.76,240~ = 1.96, *p* \< 0.05). *Post hoc* analyses revealed that alcohol consumption was decreased after initiation of MA self‐administration and during subsequent extinction sessions but not during the baseline phase as illustrated in Fig. [3](#adb12476-fig-0003){ref-type="fig"}. There were no differences in total consumption of water and alcohol between MA and saline groups (Table [1](#adb12476-tbl-0001){ref-type="table-wrap"}). Similarly, average MA infusions during the self‐administration procedure was similar between the 10 and 20 percent alcohol consumption groups (18.0 ± 0.8 and 18.1 ± 0.5 infusions, respectively), and no changes were observed on extinction responding (data not shown).

![Methamphetamine (MA) self‐administration reduces 10 and 20 percent alcohol consumption and preference. (a) Timeline illustrating the schedule of combining the two‐bottle choice procedure with daily 2‐hour self‐administration sessions and extinction sessions. The preference for (b) 10 percent and (d) 20 percent alcohol was significantly reduced during MA self‐administration (rose shading). Similarly, intake of (c) 10 percent and (e) 20 percent alcohol was also significantly reduced during MA self‐administration (rose shading). The red symbols indicate significance between MA and saline self‐administration groups on that day (*p* \< 0.05); *n* = 9--21/group](ADB-23-90-g003){#adb12476-fig-0003}

Methamphetamine self‐administration decreases consumption and preference for alcohol after prolonged alcohol consumption {#adb12476-sec-0019}
------------------------------------------------------------------------------------------------------------------------

Experiment 3 assessed whether MA self‐administration would disrupt alcohol consumption following prolonged alcohol consumption. There was a main effect of day for both intake and preference (Intake: *F* ~4.88,660~ = 27.08, *p* \< 0.05; Preference: *F* ~4.68,660~ = 22.04, *p* \< 0.05). The main effects of self‐administration for alcohol intake and preference did not reach statistical significance (Intake: *F* ~1,20~ = 4.03, *p* = 0.058; Preference: *F* ~1,20~ = 4.28, *p* = 0.052). However, there was a significant interaction between days and self‐administration for both intake and preference (Intake: *F* ~4.88,660~ = 7.50, *p* \< 0.05: Preference: *F* ~4.68,660~ = 5.96, *p* \< 0.05). *Post hoc* analyses revealed that alcohol consumption was only decreased after initiation of MA self‐administration and during subsequent extinction sessions (Fig. [4](#adb12476-fig-0004){ref-type="fig"}). Animals in the MA self‐administration group averaged 21.2 ± 1.83 infusions, and there were no differences in total consumption of water and alcohol between MA and saline groups, as detailed in Table [1](#adb12476-tbl-0001){ref-type="table-wrap"}.

![Methamphetamine (MA) self‐administration reduces alcohol consumption and preference after prolonged alcohol consumption. (a) Timeline illustrating schedule of combining the 24‐hour two‐bottle choice procedure and daily 2‐hour self‐administration sessions and extinction sessions. (b) Preference and (c) intake of alcohol after prolonged alcohol consumption were both significantly reduced during MA self‐administration (rose shading). The red symbols indicate significance between MA and saline self‐administration groups on that day (*p* \< 0.05); *n* = 10--14/group](ADB-23-90-g004){#adb12476-fig-0004}

Methamphetamine self‐administration reduces subsequent initiation of alcohol consumption {#adb12476-sec-0020}
----------------------------------------------------------------------------------------

Experiment 4 tested whether MA self‐administration would alter subsequent alcohol consumption. There was a main effect of day for both alcohol intake and preference (Intake: *F* ~3.56,154~ = 14.10, *p* \< 0.05; Preference: *F* ~4.40,154~ = 4.28, *p* \< 0.05), as well as significant interactions of intake and preference between days and self‐administration (Intake: *F* ~3.56,154~ = 2.80, *p* \< 0.05; Preference: *F* ~4.40,154~ = 3.81, *p* \< 0.05). There was no main effect of self‐administration for either alcohol intake or preference (Intake: *F* ~1,14~ = 4.52, *p* = 0.052; Preference: *F* ~1,14~ = 4.50, *p* \< 0.052). *Post hoc* analyses revealed that alcohol consumption was decreased on days with concurrent MA use, as illustrated in Fig. [5](#adb12476-fig-0005){ref-type="fig"}. There were no differences in total consumption of water and alcohol between MA and saline groups (Table [1](#adb12476-tbl-0001){ref-type="table-wrap"}).

![Initiating methamphetamine self‐administration prior to concurrent alcohol consumption procedures reduces initial alcohol consumption and preference. (a) Timeline illustrating the schedule of combining the 24‐hour two‐bottle choice procedure and daily 2‐hour self‐administration sessions and extinction sessions. (b) Average number of MA infusions (± SEM; 0.1 mg/kg/100 µl infusion) during each 2‐hour session over the 5 days prior to alcohol consumption and the 10 days concurrent with alcohol consumption (rose shading). (c) Average number of drug‐paired lever presses for each 2‐hour session during the three‐day extinction procedure. Prior self‐administration of methamphetamine reduces (d) preference and (e) intake of 10 percent alcohol during the beginning of the co‐use phase (rose shading) but not during the later days of the co‐use phase. The red symbols indicate significance between MA and saline self‐administration groups on that day (*p* \< 0.05); *n* = 9--11/group](ADB-23-90-g005){#adb12476-fig-0005}

Methamphetamine self‐administration has no lasting effects on future alcohol consumption {#adb12476-sec-0021}
----------------------------------------------------------------------------------------

Experiment 5 evaluated whether previous MA self‐administration would have lasting effects on future alcohol consumption. Figure [6](#adb12476-fig-0006){ref-type="fig"} illustrates that MA self‐administration has no lasting effects on subsequent alcohol intake or preference. The main effect of day for both alcohol intake and preference was significant (Intake: *F* ~4.26,228~ = 17.65, *p* \< 0.05; Preference: *F* ~4.37,209~ = 12.88, *p* \< 0.05); however, the main effect of self‐administration group was not significant (Intake: *F* ~1,19~ = 1.55, *p* = 0.23; Preference: *F* ~1,19~ = 2.50, *p* \< 0.13). There was also no statistically significant interaction between days and self‐administration group for intake or preference (Intake: *F* ~4.26,228~ = 0.60, *p* = 0.84; Preference: *F* ~4.37,209~ = 0.35, *p* = 0.97). There were no differences in total consumption of water and alcohol between MA and saline groups (Table [1](#adb12476-tbl-0001){ref-type="table-wrap"}).

![Temporally dissociating prior methamphetamine (MA) self‐administration from two‐bottle alcohol procedure has no lasting impact on subsequent alcohol consumption or preference. (a) Timeline illustrating the schedule of combining the 24‐hour two‐bottle choice procedure and daily 2‐hour self‐administration sessions. (a) Prior MA self‐administration did not significantly alter alcohol (b) preference or (c) intake when MA and alcohol were not administered concurrently; *n* = 10--11/group](ADB-23-90-g006){#adb12476-fig-0006}

Methamphetamine self‐administration does not alter blood alcohol concentrations {#adb12476-sec-0022}
-------------------------------------------------------------------------------

Experiment 6 utilized tail vein blood collected from animals in Experiment 2 during the self‐administration phase of the experiment to determine differences in blood alcohol concentrations 30 minutes following 1.0 g/kg alcohol administered via oral gavage. Figure [7](#adb12476-fig-0007){ref-type="fig"} illustrates that there was no significant difference in blood alcohol concentrations following MA or saline self‐administration (*t* ~10~ = 0.87, *p* = 0.40).

![Methamphetamine (MA) self‐administration does not alter blood alcohol concentrations or alcohol intoxication. Blood was collected 30 minutes following oral administration of 1.0 g/kg alcohol in animals that self‐administered MA (*n* = 7) or saline (*n* = 7) for 14 days in daily 2‐hour self‐administration sessions. (a) No significant differences were detected between the two self‐administration groups. Similarly, the loss and regain of the righting reflex was measured following administration 3.0 mg/kg alcohol (i.p.) in animals that self‐administered MA (*n* = 7) or saline (*n* = 5) for 14 days in daily 2‐hour self‐administration sessions. (b) No significant differences in either measure were observed between the self‐administration groups](ADB-23-90-g007){#adb12476-fig-0007}

Methamphetamine self‐administration does not alter the sensitivity to alcohol‐induced sedation {#adb12476-sec-0023}
----------------------------------------------------------------------------------------------

Experiment 7 tested sensitivity to alcohol intoxication using a righting reflex test. We measured the time for animals to lose and regain their righting reflex after an injection of 3.0 g/kg alcohol. Figure [7](#adb12476-fig-0007){ref-type="fig"} illustrates no significant differences between MA and saline self‐administration groups in the time to lose righting reflex (*t* ~10~ = 0.28, *p* = 0.79) or regain righting reflex (*t* ~10~ = 0.57, *p* = 0.58).

Methamphetamine self‐administration has no effect on sucrose consumption {#adb12476-sec-0024}
------------------------------------------------------------------------

Experiment 8 examined whether MA self‐administration would affect consumption of a 0.1 percent sucrose solution to evaluate MA effects on consumption of a highly palatable, non‐drug reward. Figure [8](#adb12476-fig-0008){ref-type="fig"} illustrates that the sucrose solution was highly preferred and consumed in both groups. There were main effects of sucrose intake and preference across days (Intake: *F* ~3.49,144~ = 13.70, *p* \< 0.05; Preference: *F* ~1.17,144~ = 10.97, *p* \< 0.05) but no differences between the self‐administration groups (Intake: *F* ~1,6~ = 0.71, *p* = 0.41; Preference: *F* ~1,16~ = 0.76, *p* = 0.40). There were also no significant interactions between days and self‐administration for intake or preference (Intake: *F* ~4.26,228~ = 0.99, *p* = 0.45; Preference: *F* ~4.37,209~ = 0.61, *p* = 0.79). There were no differences in total consumption of water and sucrose between MA and saline groups, as detailed in Table [1](#adb12476-tbl-0001){ref-type="table-wrap"}.

![Methamphetamine (MA) self‐administration has no effect on sucrose consumption or preference. (a) Timeline illustrating the schedule of combining the 24‐hour two‐bottle choice procedure and daily 2‐hour self‐administration sessions. MA self‐administration did not alter sucrose preference (b) or intake (c). (d) Total fluid consumption during the three phases was not altered. The rose colored area indicates concurrent MA self‐administration and two‐bottle sucrose procedures; *n* = 10/group](ADB-23-90-g008){#adb12476-fig-0008}

Discussion {#adb12476-sec-0025}
==========

This study is the first to implement a co‐use model of MA self‐administration and free choice alcohol consumption to identify the interactive effects on volitional consumption behaviors. Alcohol consumption enhanced MA self‐administration during the acquisition phase when rats were trained on an FR1 schedule of reinforcement. This effect did not persist when rats were advanced to an FR5 and progressive ratio schedule of reinforcement suggesting that alcohol consumption may enhance the acquisition of MA taking but does not alter the motivation for MA seeking under a progressive ratio schedule of reinforcement. We also showed that alcohol consumption did not alter MA seeking during extinction conditions. Surprisingly, we observed robust decreases in alcohol intake during MA self‐administration. These effects did not seem to be related to MA‐induced changes in alcohol metabolism or sensitivity.

The observed MA‐induced decrease in alcohol intake was surprising because MA is frequently co‐administered with alcohol in humans, and dexamphetamine use, an active metabolite of MA, has been shown to facilitate heavy drinking (Green & Moore [2009](#adb12476-bib-0010){ref-type="ref"}; Bujarski *et al.* [2014](#adb12476-bib-0002){ref-type="ref"}). Co‐use of MA and alcohol produces enhanced subjective effects in humans suggesting a synergistic effect (Mendelson *et al.* [1995](#adb12476-bib-0024){ref-type="ref"}; Kirkpatrick *et al.* [2012](#adb12476-bib-0017){ref-type="ref"}). Combining MA with alcohol is not known to produce an active metabolic such as cocaethylene, a metabolite produced with co‐administration of alcohol and cocaine that results in enhanced and prolonged drug effects (McCance *et al.* [1995](#adb12476-bib-0021){ref-type="ref"}; Ikegami *et al.* [2002](#adb12476-bib-0014){ref-type="ref"}). However, MA and cocaine both enhance extracellular dopamine through DAT reversal and inhibition, respectively. Therefore, it is surprising that we observe decreased rather than enhanced alcohol intake and preference during MA co‐use. It is possible that these observations were confounded by the use of alcohol‐preferring P rats. P rats were derived from a Wistar stock of rats through bidirectional selective breeding (Li *et al.* [1987](#adb12476-bib-0019){ref-type="ref"}). It is possible that the selective breeding resulted in idiosyncratic neurobiological or behavioral changes that correspond with unique drug interactive effects that are unlike non‐selected outbred rats, potentially limiting the extrapolation of these finding. Future studies should consider exploring similar interactions in additional rat lines, including outbred rats having high and low alcohol intake/preferences.

Our studies indicate that decreases in alcohol consumption do not appear to result from MA‐induced alterations in alcohol metabolism or alcohol‐induced intoxication. We show that blood‐alcohol concentrations and alcohol‐induced sedative effects are not altered in MA self‐administrating animals. It is important to note that our studies did not examine the dose‐responsivity of alcohol‐induced sedation or other alcohol effects that are often observed at lower doses of alcohol. Thus, it remains possible that MA self‐administration produces a leftward shift in alcohol sensitivity, whereby aversive effects are observed at alcohol concentrations that are typically preferred (e.g. 10 percent alcohol). Future studies would benefit from a more extensive characterization of lower alcohol doses and concentrations.

It is also important to consider the effect of MA on general consumption behavior as an alternative explanation for the reduction in alcohol intake. To this end, we observed no changes in total fluid consumption during the self‐administration phases and no effect of MA on sucrose consumption suggesting that there were no overt alterations in overall consumption behaviors. At low doses, MA produces a mild aversive taste reactivity to sucrose, but this is not observed at higher MA doses (Parker [1993](#adb12476-bib-0028){ref-type="ref"}; Cagniard & Murphy [2009](#adb12476-bib-0003){ref-type="ref"}). It is therefore unlikely that the reduction in alcohol consumption is due to non‐specific MA‐induced changes in alcohol sensitivity, generalized effects on consumption or a MA‐induced taste aversion.

Our findings are the first to examine the effects of MA self‐administration on alcohol intake and reveal that MA decreases alcohol consumption and preference. There are, however, several studies reporting the effects of amphetamine on alcohol consumption. The results of these studies are largely inconsistent and provide mixed support for our findings. For example, some studies report amphetamine‐induced decreases in alcohol consumption (Halladay *et al.* [1999](#adb12476-bib-0011){ref-type="ref"}; Pohorecky & Sweeny [2012](#adb12476-bib-0029){ref-type="ref"}), while others show amphetamine‐induced increases or no effect on alcohol intake (Levy & Ellison [1985](#adb12476-bib-0018){ref-type="ref"}; Hubbell *et al.* [1991](#adb12476-bib-0013){ref-type="ref"}; Samson *et al.* [1993](#adb12476-bib-0032){ref-type="ref"}; Fahlke *et al.* [1994](#adb12476-bib-0007){ref-type="ref"}). A notable procedural difference between our study and much of the published work is the use of experimenter‐delivered amphetamine, compared with our paradigm that utilizes MA self‐administration. There is a growing body of research revealing biological differences in animals that self‐administer MA or cocaine compared with those who receive passively administered drugs (Stefanski *et al.* [1999](#adb12476-bib-0033){ref-type="ref"}; Galici *et al.* [2000](#adb12476-bib-0008){ref-type="ref"}; Twining *et al.* [2009](#adb12476-bib-0035){ref-type="ref"}). It is possible that neurobiological and motivational changes resulting from volitional administration of MA affects alcohol consumption differently than passive administration. The majority of these studies also use sweetened alcohol that may increase the incentive to consume alcohol, perhaps masking the ability to observe decreased alcohol consumption and preference. Lastly, amphetamine has lower potency than MA, and it is possible that amphetamine is not sufficient to consistently reduce alcohol intake (Hall *et al.* [2008](#adb12476-bib-0012){ref-type="ref"}; Goodwin *et al.* [2009](#adb12476-bib-0009){ref-type="ref"}). Further studies are needed to fully understand the interactive effects of MA and alcohol that we observed.

It is well established that drugs of abuse produce their subjective effects through potent interactions in the mesocorticolimbic dopamine (DA) system that is comprised of neuronal projections originating in the ventral tegmental area and terminating in forebrain regions, such as the nucleus accumbens. Both alcohol and MA increase extracellular DA in the mesolimbic system, although the mechanisms are quite distinct. Alcohol is thought to modulate the activity of ventral tegmental area *gamma*‐Aminobutyric acid interneurons to increase vesicular DA release in terminal areas (Weiss *et al.* [1993](#adb12476-bib-0038){ref-type="ref"}; Morikawa & Morrisett [2010](#adb12476-bib-0025){ref-type="ref"}; Theile *et al.* [2011](#adb12476-bib-0034){ref-type="ref"}). MA, on the other hand, blocks vesicular monoamine transporters resulting in a concentration differential across the plasma membrane that reverses the plasmalemmal transporter (Volz *et al.* [2007](#adb12476-bib-0037){ref-type="ref"}; Vergo *et al.* [2007](#adb12476-bib-0036){ref-type="ref"}). It is therefore surprising that MA self‐administration diminishes alcohol drinking given the powerful effects that both drugs have on the mesocorticolimbic dopamine system.

It is possible that MA self‐administration reduces alcohol intake by producing lingering extracellular dopamine levels that interfere with the rewarding effects of alcohol. Our studies show that alcohol consumption is only reduced during concurrent MA use, suggesting a transient effect that could be explained by an excess of extracellular dopamine. Previous studies utilizing dopamine agonists to enhance dopamine transmission provide support for this notion. Acute treatments of non‐selective dopamine receptor agonists, as well as selective D~1~ and D~2~ receptor agonists, decrease alcohol consumption in alcohol‐preferring rats (Weiss *et al.* [1990](#adb12476-bib-0039){ref-type="ref"}; Dyr *et al.* [1993](#adb12476-bib-0005){ref-type="ref"}; McMillen *et al.* [2013](#adb12476-bib-0023){ref-type="ref"}). Further support comes from a recent study where the catechol‐o‐methyltransferase inhibitor, talcapone, reduced alcohol consumption in a cued‐access paradigm (McCane *et al.* [2014](#adb12476-bib-0022){ref-type="ref"}). Together, these studies suggest that increasing dopamine neurotransmission by inhibiting dopamine breakdown or enhancing dopamine receptor signaling may decrease alcohol intake.

An important caveat to our studies was that consumption of MA and alcohol was assessed in separate sessions dissociated temporally. That is, rats did not have access to both MA and alcohol simultaneously in the same session, prohibiting us from measuring the direct interactive effects between the drugs. Despite this limitation, we show that a 2‐hour MA self‐administration session impacts alcohol consumption over the following 24‐hour period. It is important to note that the MA effects on alcohol consumption were not observed after 24‐hour withdrawal and generally had no lasting impact when tested during MA abstinence. The results of our findings necessitate further studies using additional alcohol consumption models to fully characterize the impact of MA on alcohol consumption that would enable the determination of possible mechanisms.

In conclusion, our results show that self‐administered MA reduces home‐cage alcohol consumption and preference in alcohol‐preferring P rats. Alcohol consumption had minimal effects on MA intake and did not appear to alter MA reinforcement or seeking. MA had a near immediate and short‐lived impact on alcohol consumption that was only maintained, while both drugs were consumed within the same 24‐hour period. MA did not have a lasting impact on alcohol consumption during MA abstinence. MA did not alter the metabolism or sensitivity of alcohol. Future studies should be aimed at determining a mechanism for this effect of MA on alcohol consumption and preference.
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